Abstract: Radio Frequency Identification (RFID) technology has recently begun to receive increased interest from both practitioners and academicians due to the well-known mandates to suppliers from major global retailers and the United States (US) Department of Defense. Though the deployment of RFID in the supply chain is relatively new, propriety RFID systems have been utilised in the manufacturing environment since the early 1990s. This paper examines these empirical applications and presents an analysis of the benefits that have been observed in the field. This encompassing collection of six empirical applications of RFID in the manufacturing environment discusses how RFID technology is presently being utilised and its potential for use, by manufacturers to control internal operations and for supply chain management. In addition, we identify the implementation challenges and the corresponding strategies to enable RFID in the manufacturing environment. Our analysis offers insights that can be useful to practitioners who are considering RFID installations and to academicians who are studying RFID systems.
Introduction
RFID is a data storage and acquisition technology that can transfer data wirelessly and provide accurate, real-time information. RFID has received a great deal of attention recently, due to some very well-publicised mandates by Wal-Mart (O'Connor, 2005) and the US Department of Defense (Collins, 2004a ) that their suppliers begin using the technology to identify their products. Some of the main benefits of RFID over the current identification method of barcodes are:
• RFID systems do not require line-of-sight or manual intervention to read the information
• RFID tags are more robust and therefore are not as susceptible to damage or to dirt obscuring the information
• multiple RFID tags can be read simultaneously, increasing the read rate
• RFID tags have read-write capability and can carry more data than bar codes (Wilding and Delgado, 2004a) .
While most of the recent discussion in the press has centred around supply chain applications, RFID has been used in a number of manufacturing applications for many years. According to Stall (1993) the automotive industry was one of the first manufacturing groups to use RFID technology to control and track products moving on assembly lines and the reusable part bins that fed the line. Other internal manufacturing applications include quality control, maintenance scheduling (Chappell et al., 2002) and the integration of new product development activities with existing manufacturing operations (Roberti, 2005) . Supply chain activities specific to manufacturers include closed-loop supply chain management for reusable containers, remanufacturing and disassembly (Visich et al., 2005) , product recall management (Chappell et al., 2002) and integration with logistics providers (Lieb and Bentz, 2005) and customers. It has been proposed that the implementation of Auto-ID (Electronic Product Codes (EPCs) and RFID) in the manufacturing environment can lead to improvements that include:
• increasing capacity utilisation and yield
• reducing cycle time
• increasing labour productivity
• improving product quality
• ensuring timely maintenance
• reducing product obsolescence costs
• tracking and managing spare parts inventory
• facilitating statistical process control
• enabling lot/batch track and trace
• improving worker safety
• reducing returns and warranty claims
• reducing scrap, waste and obsolescence (Chappell et al., 2002) .
The purpose of this paper is to discuss the implementation of RFID technology in the manufacturing environment and to identify empirical applications of performance improvements. We first discuss RFID technology, RFID systems and the relevant research. Next, we discuss the use of RFID in the manufacturing environment and we support this discussion with six empirical examples from the literature that quantify these improvements. We then discuss the technical and organisational implementation challenges faced by manufacturers and propose strategies that mitigate these challenges and enable RFID. Finally, we conclude by identifying gaps in the RFID manufacturing literature that can be investigated by researchers. By addressing these areas, our research will not only provide practitioners and researchers with an integrated view of RFID technology in the manufacturing environment, but will also help them better understand its challenges and opportunities.
Radio Frequency Identification (RFID)
The origins of RFID technology can be traced back to laboratory research in the 1940s that focused on reflected power communication. Commercial use began in the 1980s, primarily in the transportation industries of railroad and trucking (Landt, 2001) . These applications used battery powered active RFID tags and proprietary systems to track and manage capital assets, such as rail cars and cargo ship containers (Dinning and Schuster, 2003) . In the following sections we present RFID technology, describe how RFID systems work and review the relevant academic research on RFID.
Radio Frequency Identification (RFID) technology
All RFID systems are comprised of three main components:
• the RFID tag, or transponder, which is located on the object to be identified and is the data carrier in the RFID system
• the RFID reader, or transceiver, which may be able to both read data from and write data to a transponder
• the back-end database which associates records with data collected by readers (Jones et al., 2004) .
RFID tags can be placed in three categories: active, passive and semi passive. Active tags contain a battery that provides power so the tag can transmit a signal to a reader. Passive tags do not contain a battery and hence are much cheaper than active tags. Passive tags are read when they pass through the electromagnetic field of a reader (Dinning and Schuster, 2003) . Semi-passive tags are powered by both an internal battery and the electromagnetic waves sent out by the reader (Angeles, 2005) . They can be used to monitor environmental variables such as the temperature of frozen food or the amount of humidity in a container. Tags can be chip-based or chipless. Chip-based tags consist of a micro-chip that stores data and a coupling element, such as a coiled antenna, that is used to communicate via radio frequency communication. A chipless tag does not contain an integrated electronic micro-chip, which makes them cheaper but reduces their level of use to anti-counterfeiting and anti-theft applications. Chips can be either read-only or read-write. Read-only chips are programmed with specific information that cannot be changed and they are often used to track assets that will have a unique identification over their lifetime while read-write chips can be overwritten multiple times with new or additional data (Wilding and Delgado, 2004a) . Read-write tags provide a 'living history' of the item being tracked and therefore have the potential to increase the transparency of items moving through a manufacturing facility and the supply chain (Li and Visich, 2006) . However, this 'living history' is stored in a secure database, not on the chip as will be explained in the next section. In this paper we focus on applications utilising chip-based RFID technology. Figure 1 shows how an RFID system works. First, a unique identifier, such as an EPC, is embedded into the micro-chip in a tag. The tag is then attached to the item being tracked. The item can be a skid, part bin, reusable container, case or pallet. As the item moves into the scanning range of the reader, the reader sends out electromagnetic waves that form a magnetic field when they 'couple' with the antenna on the RFID tag (Jones et al., 2004) .
Radio Frequency Identification (RFID) systems

Figure 1 An RFID system
Source: Adopted from Dinning and Schuster (2003) The tag draws power from the magnetic field and uses it to power the microchips' circuits. The micro-chip then modulates the signal received in accordance with its identification or programmed code and transmits or reflects a radio frequency signal. The modulation is in turn picked up by the reader, which decodes the information contained in the transponder and depending upon the reader configuration, either stores the information, acts upon it, or transmits the information to the host computer via the communications port (Jones et al., 2004) .
The decoding process in an RFID system is carried out by Savant, a lower-level software application developed by the MIT Auto-ID Centre to manage data. When the reader picks up a signal, Savant uses the EPC on the tag to contact the Object Naming Service (ONS). The ONS can be on a local network or on the internet and it is similar to the domain name service that associates an internet provider address with a domain name. The ONS serves as a directory that locates the server containing the information for the item being scanned. That information is collected by Savant and then communicated to the databases and supply chain applications requiring the information. The communication format for the data is Physical Markup Language (PML). PML is based on the Extensible Markup Language (XML -popular in e-commerce transactions) which has the ability to describe physical objects, processes and environments in a standardised way (Angeles, 2005; Dinning and Schuster, 2003) .
Relevant research
Due to its newness, research on RFID is fragmented and limited. We briefly review the RFID literature with a focus on those papers that are most relevant to manufacturers. We include supply chain papers because of the importance of extending RFID technology beyond the factory walls in order to leverage implementation value.
To our knowledge, Udoka (1992) provided the first example on the use of RFID for automatic identification in a computer integrated manufacturing environment to ensure that the correct work was properly performed. Byfield (1996) discussed the current (at the time) applications of RFID and made several predictions regarding the future development of RFID in the manufacturing environment. His predictions included: technology standardisation, lower cost technology, information moving beyond identification to data transfer, the capture of product life data due to the tag being embedded in the product electronics and security, service and condition monitoring. Brewer and Sloan (1999) regarded RFID as an intelligent tracking technology in manufacturing which provides real-time information throughout the supply chain to support logistics planning and execution. discussed the use of RFID to modify manufacturing control systems that are resource based to a distributed system that is product based. Kärkkäinen and Holmström (2002) considered RFID as a wireless product identification technology to enable material handling efficiency, customisation and information sharing in a supply chain. Moreover, Kärkkäinen (2003) discussed the potential of RFID implementation for increasing supply chain efficiency of perishable products, while Lapide (2004) suggested the benefits of RFID for forecasting. Spittle (2004) provided an overview of RFID technology and discussed the issues related to making a business case for RFID, while Penttilä et al. (2004) provided an extensive discussion of RFID technology used in supply chain applications.
A few studies have begun to consider the multiple participants in the supply chain and to discuss RFID applications in an integrated system. These papers discussed the improvement of logistics processes through RFID (McFarlane and Sheffi, 2003) , the benefits of and impediments to implementation of RFID in the supply chain (Srivastava, 2004; Wilding and Delgado, 2004a) and implementation strategies for RFID in the supply chain (Angeles, 2005; Li and Visich, 2006) . Jansen and Krabs (1999) considered RFID to control returnable containers, while Visich et al. (2005) introduced a framework for RFID technology in the closed-loop supply chain and discussed how RFID is and can be utilised in the various value recovery options.
Little research in manufacturing applications of RFID exists and none of the papers have focused on the discussion of RFID implementation from the perspective of the manufacturer. By addressing these areas, our research not only provides practitioners and researchers with an integrated view of RFID technology in the manufacturing environment, but will also help them better understand its opportunities and challenges.
Radio Frequency Identification (RFID) in the manufacturing environment
RFID systems have been used since the early 1990s by automotive manufacturers as a way to control and track products moving on assembly lines and the part bins that feed the line. The installation of a reusable read/write tag on a carrier or parts pallet is known as 'escort memory' (Stall, 1993) . These early manufacturing implementations of RFID utilised proprietary systems that were internal to the organisation. Due to recent industry mandates, such as Wal-Mart (O'Connor, 2005) and the US Department of Defense (Collins, 2004a) , manufacturers will have to expand their RFID systems beyond the factory walls to include suppliers, logistics providers and customers. In addition, advances in RFID technology have lowered costs while the development of universal standards such as Generation 2 (Anonymous, 2005) have increased the feasibility of implementation across internal functional areas and supply chain entities. In this section we discuss the current and potential uses of RFID by manufacturers in Production Activity Control (PAC), inventory management, closed-loop supply chain management, quality control, plant maintenance and new product development.
Production Activity Control (PAC)
PAC is responsible for executing the master production schedule and the materials requirements plan and it is comprised of three main functions: planning, implementation, and control. Planning involves scheduling work and ensuring the required materials, tooling, personnel and information are available when needed to manufacture the product. Manufacturing plans are then implemented through the release of orders (dispatching) to the shop floor. These dispatches contain the information from the planning function on how to make the product. During the control phase the production process is monitored and the results are compared to the plan. Important control activities include the tracking of work-in-process and the monitoring of lead times and work centre queues (Arnold and Chapman, 2004) . RFID can be used to facilitate all three PAC functions. In the planning phase RFID can be used to check on the availability of materials and tooling by verifying where part bins and tools are located. Build information that is included in the dispatch of orders can be included in an RFID tag that can be attached to the skid, or the container that holds the item for transport. During control, work instructions can be transmitted to the work centre in the form of information on a computer screen, instructions for machine settings or instructions to computer aided manufacturing equipment. Work-in-process can be tracked and that information can be passed on to customers. Accurate entry and exit times can be collected to determine actual lead times and work centre queues can be identified by reconciling entries and exits.
Case 1: Production Activity Control (PAC) at Club Car In order to help enable mass customisation and increase productivity on its new Precedent Golf Car production line, Club Car has deployed an RFID solution in its Augusta, Georgia manufacturing plant. The vehicles travel along a conveyor on carriages that have been outfitted with RFID tags. These tags are programmed with the information specific to that vehicle, including whether it is gas-powered or electric as well as what features need to be installed. With the older bar code system, gas and electric vehicles were built on separate lines and employees manually scanned the bar code at each step of the process. Cars were then pulled from the storage yard for over 100 customisation options (Collins, 2004b) .
By using RFID tags, all cars are built on one continuous production line, which incorporates customisation activities. Quality and accuracy are ensured by the fact that the RFID tag is defining and verifying the manufacturing process at each step. In the old bar code system, only the manufacturing process was defined. As the carriage approaches the workstation, the reader identifies the carriage and the computer system displays on two screens the required tasks, parts and tools. The carriage cannot continue until the necessary work has been completed. At the end of the production line, the tag is read to validate that all accessories and other specifications match up with the production details of the car. This step is a fool proof quality assurance check that also enables inventory reconciliation. In addition to allowing for mass customisation, the RFID implementation has increased productivity by shaving three seconds at each workstation (vs. scanning of bar codes). With 46 workstations and annual production of 100,000 vehicles, Club Car estimates that this has increased their capacity by 6.5% and reduced the need for one additional workstation and operator (Collins, 2004b) .
Inventory management
In a manufacturing environment, inventory management is concerned with planning and controlling inventory from raw materials to the finished goods that are sold to customers. Inventories can represent from 20% to 60% of a manufacturing company's total assets and the cost for carrying inventory increases operating expenses and decreases profits. Therefore, good inventory management is essential to improve cash flow and return on investment (Arnold and Chapman, 2004) .
RFID can be used to monitor and control inventory in a variety of manufacturing facility processes including: the receiving of raw materials and components (inputs), the transportation of inputs to the storage facility or point of use on the line, the movement of work-in-process inventory during the manufacturing process and the transportation and placement of finished goods in storage or in a tractor trailer or rail car for distribution.
RFID can also be used to automatically send replenishment signals (Sullivan, 2004a) or the workstation operator can push a button that activates an RFID tag which corresponds to a specific part (Wasserman, 2004) . In either scenario the signal is dispatched to a forklift operator or materials handler alerting them to replenish the inventory (Maloney, 2000) . Since replenishment signals are transmitted through the company's computer system, information on usage can be relayed to suppliers.
Case 2: Inventory management at Viper Motorcycle
Viper Motorcycle, a custom motorcycle manufacturer based in Minneapolis, Minnesota, uses active RFID tags on parts and subassemblies with a value of $75 or more (tires, headlights, gas tanks, engines, transmissions, frames), which represent 80% of the cost of materials used to manufacture a motorcycle. This allows them to track the movement of subassemblies and identify what stage a motorcycle is in during the production process. Tracking information provides details on the actual resources used, including materials, subassemblies and labour, to produce a finished motorcycle. The company's dealers can access the tracking data and show customers the progress of their custom motorcycle as it is being built. And, the data makes compliance of Section 404 of the Sarbanes-Oxley Act of 2002 easier since they have accurate information on manufacturing materials and labour expenses (Violino, 2005) .
During the receiving process, detailed supplier information is encoded onto the tags. This also helps with future warranty and/or recall issues in that part origin can be easily traced. Tracking visibility into inventory location and the assembly process gives more control over the resources (personnel and equipment) used in assembly operations. This in turn helps Viper to lower manufacturing costs and hence improve gross margins, enhance quality control operations and provide more accurate costs for the manufacturing process. Assembly workers scan their identification cards at beginning and end of their assigned assembly process, which provides detailed labour cost information. Viper has had a reduction in labour costs of 17% due to efficiency improvements, but part of this reduction might be due to learning curve and economies of scale. In 2004, 25 motorcycles were produced as compared to 50 by October of 2005 (the RFID system was implemented in April 2004) (Violino, 2005) .
Annual procurement costs have been reduced 11% due to a reduction in lost or stolen parts, a reduction in inventory levels and more accurate information for procurement and production personnel on the parts needed to assemble a motorcycle (Violino, 2005) . After conducting a random inventory audit, management was able to locate a missing $2400 transmission in an employee's van (Sullivan, 2004b) . Due to the added efficiencies, Viper Motorcycles' $100,000 investment in RFID, including hardware, software, implementation and training had a return on investment of nine months (Violino, 2005) .
Closed-loop supply chain management
Closed-loop supply chains are a key component of sustainable business operations and they have begun to receive increased attention from both practitioners and academicians. This interest is driven by legislative environmental regulation for companies that operate in the European Union and by economic factors for companies in the USA (Guide et al., 2003) . Closed-loop supply chains refers to the integration of both forward and reverse supply chain activities and the strategic objective of a closed-loop supply chain is value recovery. Value is a function of both financial gain or cost avoidance and benefit to society. Value recovery options in the closed-loop supply chain include direct reuse, direct resale, repair, refurbish, re-manufacture, cannibalise and recycle (Thierry et al., 1995) .
A key obstacle to maximising the value from product recovery is that information associated with the product is often lost after the sale. An active or semi-active tag can be used to capture information on product usage and such information can be used to improve the accuracy of the estimated residual value of the return . Information on usage and part failure can also be used by the manufacturers' new product development team to help them improve product quality or to develop preventive maintenance and part replacement schedules. Returns that are dispositioned for repair, refurbish, re-manufacture and cannibalise will require some degree of disassembly during the value recovery process. Spengler and Schröter (2003) described a recycling passport that can contain comprehensive disassembly information including colour coded schematic drawings of the product, material weights and advice on disassembly and hazardous substances. RFID can be used to enhance the disassembly process by automatically accessing the passport through the EPC as the unit enters the workstation. The specific disassembly procedure and information on part recovery options (salvage for reuse, recycle or dispose) can be displayed on a monitor. When the product moves to the next disassembly station, inventory records for salvaged parts and recyclable materials can be updated for planning purposes (Visich et al., 2005) .
Case 3: Reusable containers at Scottish Courage
Scottish Courage is one of the United Kingdom's (UK) largest Brewers and they implemented RFID technology to control and track beer kegs -reusable assets in a closed-loop supply chain. The company estimated that keg sales to the 'on trade' market were costing up to 18 million pounds a year due to theft or damage the company could not prove. In 1998, at a cost of 8 million pounds, they tagged 1.9 million kegs with low-frequency, read-write tags, equipped 26 depots and 600 vehicles with readers, created a database capable of tracking 32 million movements a year and trained 2000 employees on methods to collect the data. Kegs are scanned during filling at the brewery, at delivery to customers, during audits at customers, at pickup from customers and when they are returned to brewery. Benefits from the implementation included a reduction in keg losses from 4% to 2%, a reduction in container cycle time by four days and thus a reduction in inventory levels and no new containers purchased in three years representing a savings of 4 million pounds/year. Several quality issues were solved due to the traceability benefit of RFID, which saved money on recalls and protected the brand image. In addition, distribution overhead was reduced due to fewer distribution errors, unofficial supply chains were identified and curtailed and accurate claims could be made on beer export duties to the UK Government (Wilding and Delgado, 2004b) .
Quality control
It is well known that quality is a key component of lean production systems and a required competitive priority in today's global business environment (Krajewski and Ritzman, 2002) . Consistent quality reduces costly scrap and rework errors and guarantees customers will receive the same product at each delivery. Using RFID tags for production identification and traceability as well as incorporation into a fool proofing system can prevent costly errors for a manufacturer and its customers. RFID can also be used to ensure the proper inputs and procedures are used during production, thereby improving safety and eliminating warranty and liability claims.
Case 4: Quality control from Colder Products
Colder Products, a St. Paul, Minnesota manufacturer of quick-release couplings and tube fittings, embeds RFID tags in the male side of couplings used for bag-in-box packaging containing liquid. Product information including production date of the liquid contents, lot number and expiration date can be written to the transponder. The data is read by a reader on the machine when the coupling is attached to the female side in the machine. Software systems can alert a machine operator if the wrong liquid is used. Colder Products' customers in the chemical, electronics, food and pharmaceutical industries can avoid costly manufacturing mistakes and reduce their liabilities. And the machine can record which batch of chemical was added and at what time to create a record of how products were produced (Roberti, 2006) .
One of Colder Product's customers is a manufacturer of large industrial printers. The manufacturer's customers sometimes used inks that were not compatible with the printer, causing the printer to break. Since the manufacturer could not prove the wrong inks were used they had to repair the printer if it was under warranty. With Colder Product's couplings, if the printer manufacturer's customers use the wrong ink or an expired ink they receive a warning that doing so will void their warranty. The printer manufacturer reported significant reductions in repair costs and warranty liabilities (Roberti, 2006) .
Plant maintenance
The APICS dictionary defines preventive maintenance as "the activities, including adjustments, replacements, and basic cleanliness, that forestall machine breakdowns. The purpose is to ensure that production quality is maintained and that delivery schedules are met." (APICS, 2005, p.85) Preventive maintenance is an important characteristic of a lean production system since it can minimise unplanned machine breakdowns that can be disruptive (Krajewski and Ritzman, 2002) . Using RFID, efficiency and accuracy with maintenance operations can be improved, as can safety and reliability. And, the RFID tag can hold a record of the maintenance history of the machine or equipment.
Case 5: Plant maintenance in an oil refinery RFID tags are used in a California oil refinery to improve the tracking of Pressure Relief Valves (PRV) during annual plant shutdowns for maintenance. During these shutdowns, all PRVs are removed and sent to a separate testing location for inspection and rebuild. One of the problems with the old manual data entry system was that, because they look very similar, valves would occasionally get reinstalled in the wrong location, causing potential safety issues and delays of equipment start-up. By attaching RFID tags to both the valve and the valve location, this problem was eliminated. Each valve now also has an electronic record of the test results and work completed at the testing facility incorporated into its tag. Manual data entry was reduced by 70% and installation errors caused by misidentification were eliminated. In addition, the RFID tags can withstand temperatures up to 200°F (Schell, 2001) . This system can be used at any number of chemical plants, as well as with similar operations such as steel mills, paper mills and power plants.
New product development
Research and development is critical to a firm's future profitability. Development speed is a time-based competitive priority and getting a new product to market can give a firm an advantage over competitors, particularly in rapidly changing markets (Krajewski and Ritzman, 2002) . RFID technology can be used to provide traceability to batches of products involved in new product development involving high cost and multi-step processes and RFID allows for automation of processes that must have all sources of human error eliminated. With RFID use in new product development, processes can be traced and adjusted on a real time basis.
Case 6: New product development at IBM In the early 1990s IBM closed their East Fishkill, New York semiconductor facility due to a lack of demand for 125 mm wafers. The plant underwent a $2.5 billion renovation and in mid-2002 it began to produce 300 mm silicon wafers. This increase in wafer size increased both manufacturing complexity and the cost of errors. Batches of 25 wafers undergo more than 600 process steps and a mistake on a single batch could cost $2.5 million in scrap. In order to attain full control over the manufacturing process, RFID is used to automate the production processes, the movement of batches between processes and to reroute batches for process changes. The key to automated batch movement is the ability to uniquely identify and track each batch using passive low-frequency RFID tags. Human error is eliminated, and the plant produces more good wafers because every process is repeatable and can be monitored in real time so that adjustments can be made automatically. The new facility can operate 24 h a day, 7 days a week with 30% fewer people than the 125 mm facility. And, production data is made available to customers in real-time so they can see the status of their chips within the facility (Roberti, 2005) .
In addition, control has allowed IBM to integrate new product development with manufacturing. Approximately 25% of the facility is dedicated to development and new products can be routed to the manufacturing side if a pre-existing process is required. This speeds up the new product development process and has a direct impact on profits by getting new technology to market when it is at its highest value (Roberti, 2005) .
Challenges and strategies
While the benefits of RFID systems are clearly evident, there are a number of obstacles to implementing such a system in a manufacturing environment. These include both technical and organisational hurdles that must be overcome internally before expanding RFID outside the facility walls.
Technical challenges
The physical locations of the readers and tags and the specific hardware that will work best in a given application is highly dependent upon the plant layout and equipment involved. RFID is not a 'plug and play' venture at this time and generally requires a third party expert to set up the system. Ensuring that each reader reads only the tag that it is meant to read rather than tags nearby is something of an art that demands a great deal of trial and error. In the case of Club Car, for example, the company installed the readers about 4-8 feet away on the side of the assembly line, which gives them a non-optimal 99% read rate. Other problems that Club Car has experienced with reader locations included reduced accuracy when people stack tools or other production items around them and the tendency for people to bump into reader antennas, misaligning or breaking them. In hindsight, Club Car realised that they should have cut a trench in the floor and installed the readers just before the work station to ensure a 100% read rate and eliminate the other problems (Collins, 2004b) .
Hummer H2 manufacturer AM General, of Mishawaka, IN, encountered a similar problem because the RFID system was designed before the building was completed, resulting in redesign and relocation of the readers (Wasserman, 2004) . At Johnson Controls' car and truck seat plant in Livermore, California, they found that the tags were not passing over the readers because the pallets rotated at 90° turns along the conveyor. This problem was solved by attaching four tags to the bottom of each pallet in each corner as opposed to the original one tag, increasing the cost of the project (Collins, 2003) .
In each of theses cases, despite all the careful design work, unforeseen problems popped up. Manufacturers considering an RFID implementation should be aware of the current state of the technology and be prepared to make adjustments during installation and after start-up, which may involve spending more money than originally budgeted. Setting up a pilot program with the RFID vendor on-site in the actual work environment is the best way to learn how RFID systems will behave and minimise surprises when it comes to full implementation. Edwin Matthews, Director of Information Systems for Pacific Cycle recommends that the RFID equipment be brought to the area where it will be used for testing purposes, stating, "You need to look at the technology in place because even the same style dock doors at different bays in the warehouse cause the radio waves to react differently." (Bordenaro, 2004) The prevalence of metallic objects and structures within manufacturing plants creates a unique challenge for RFID implementers. The metal interferes with the radio waves, resulting in less than optimum read rates and distances. Some companies have found creative solutions to this problem. For example, on the Ford final assembly line in Cuautitlan, Mexico, a Teflon mounting bracket was constructed to hold a tag and the bracket is attached to the metal vehicle skid. The Teflon provides enough isolation from the metal to eliminate the interference (Johnson, 2002) .
Water and moisture also interfere with radio waves and pose a unique challenge to manufacturers of frozen food, canned goods and liquid products. Unilever (makers of shampoo and other personal hygiene products) has reported low readability rates for cases stacked on pallets and less than 100% readability for cases moving on a conveyor (Roberti, 2004) . Beaver Street Fisheries, a Jacksonville, Florida frozen seafood distributor found that while they had no problem reading tags in their freezers, they did encounter read problems due to moisture in the loading of trucks (Hartman, 2005) . Porter et al. (2004) conducted an independent study of eight different RFID systems under various test conditions in both laboratory and warehouse conditions and encountered readability problems for tags mounted on metal containers or on items filled with liquids. They recommended that tags be slightly offset from metal containers and from items containing the liquid.
According to a December, 2004, Logistics Management survey of companies involved in Wal-Mart's RFID mandate, the current high cost of tags and readers, as compared to bar codes and the lack of a return on investment, is another obstacle to implementation. Manufacturing applications tend to gain the most benefit from the more expensive read-write tags, which can be written to throughout the production process and then reused. In the case of Club Car, they foresee expansion of the program to drive train assembly and other components. But, the current $5-6 price for the required tags is too high to warrant the expansion (Collins, 2004b) . There are certainly advantages to be had by the use of RFID. However, it is important to evaluate the associated costs and develop a justifiable business case for the technology before investing.
Organisational challenges
Undoubtedly, there are a number of technical challenges to consider when implementing a technology-based project such as RFID. But, some of the most difficult and critical challenges to overcome lie not with the equipment itself but with the people and the processes that will interact with the technology. In the case of Boeing's Integrated Defense Systems site, the implementation team found that the first challenge they faced was that of convincing employees that RFID was intended to track materials and parts rather than people. As with any new technology, many initially viewed it as a means to reduce headcount. It was necessary to provide effective communication about the purpose and uses of RFID in order to gain acceptance from the workforce (Bhaya and Duncan, 2005) . Any implementation of RFID in a manufacturing environment should begin with education of those employees affected by the technology long before tags, readers and computer terminals start appearing in the work area.
Defining the requirements of the system, not in terms of hardware, but in terms of how the process should work, is an implementation issue that may not get the attention that it deserves until after the technology is in place. Deciding what data needs to be collected where and for what purpose needs to be considered when making the business case so that the proper configuration can be achieved. As with any other technology-based initiative, if the functional process flow is not considered carefully, the system will likely be a disappointment or a failure.
Conclusion
While the majority of the recent press has focused on the advantages of RFID in the supply chain arena, there are, in fact, multiple uses for this technology in manufacturing applications. The automotive industry has been using RFID for many years and other manufacturing industries are now recognising the fact that RFID can improve their operations as well. Benefits observed include improved accuracy of information, efficiency and productivity gains, improved quality control, reduction of labour requirements, a higher degree of material traceability, reduction of errors and rework, improved product tracking and bottleneck analysis, faster parts replenishment, reduction in WIP, increased flexibility and enabling of mass customisation and even improved maintenance and process safety.
In many cases, RFID is the preferred method of product identification in a manufacturing environment as compared to the more traditional bar code. Advantages include the ability to withstand high temperatures and other harsh conditions. The fact that line-of-sight is not required is particularly useful on the factory floor as conditions can be dirty in some areas, making bar codes difficult to read. Since an RFID tag can store a lot of information and can be overwritten numerous times, this makes the technology ideal for including routing and processing information specific for a particular part being produced.
There are a number of challenges to implementing an RFID-based system, however. First, the cost of RFID can be substantial and may not be justified in every case, particularly if other methods like bar codes provide a similar benefit and are appropriate for the environment. Other challenges include physical set-up and layout problems, lack of standardised equipment and software, acceptance of new technology by employees and defining the system requirements at the start of the project. Keys to a successful RFID implementation in a manufacturing environment include the following:
• Make a justifiable business case before starting the project. Do not use technology for technologies sake. If a cheaper method will work just as well, use it.
• Use a 3rd party expert who has experience with installation of RFID systems in production environments. Factories present unique layout issues, many of which can be avoided with the proper analysis beforehand.
• Despite all the best preparations, be prepared for unforeseen problems and additional expenses.
• If possible, set up a pilot program in the location where the system will be installed. RFID performance is highly influenced by surrounding structures.
• Use as much standardised hardware/software as possible. Standards are beginning to emerge -do not get stuck with irreplaceable equipment.
• Educate and inform employees about the purpose and benefits of RFID long before implementation.
• Determine what data needs to be captured where, when, and for what purpose before system design. Fully understand the desired process flow before deciding on the technology.
• Supply chain managers do not have a monopoly on RFID.
By following the above advice, manufacturers can utilise RFID technology to significantly improve the flexibility, productivity, quality, and, ultimately, profitability of their businesses. Our research has identified several gaps in the academic literature on RFID implementations in the manufacturing environment. Though production control and inventory management have been integrated within the manufacturing facility through the use of RFID technology, the information collected from these applications is often not extended to other internal departments nor to supply chain partners. Research needs to be conducted on how manufacturing and inventory data can be used by accountants for Sarbanes-Oxley compliance, by sales personnel to increase sales and improve customer service and in collaborative planning, forecasting and replenishment activities with supply chain partners. In addition, many mandated manufacturers are deploying RFID in a slap-and-ship model where the tags are applied just before shipment to the retailer (Moore, 2005) . Best practices for deploying RFID across all internal manufacturing processes need to be identified and cross-functional models need to be developed. Closed-loop supply chain applications primarily are for reusable assets and often the only entity in the loop is the manufacturer. Multi-entity closed-loop models that utilise RFID to enhance value recovery options such as repair and disassembly need to be developed and tested empirically. Finally, there is a lack of information on the key financial measures of deployment costs, return on investment and payback period. Best practices for making the business case for RFID implementation need to be identified. These implementations should encompass both internal departments and external partners such that RFID deployment will enable more effective and efficient supply chain management practices.
